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Precision Searches for Physics Beyond the Standard Model
B. Lee Roberts
Department of Physics, Boston University, Boston, MA 02215, USA
The “precision” frontier, which is closely related to the “intensity” frontier, provides a complementary path to
the discovery of physics beyond the Standard Model. Several examples of discoveries that would change our
view of the physical world are: Charged lepton flavor violation, e.g. muon electron conversion; the discovery of
a permanent electric dipole moment of the electron, neutron, muon, or a nucleus. In this paper I focus mostly
on phenomena meditated by a dipole interaction, including the anomalous magnetic moment of the muon.
1. Introduction
Precision measurements have played an important
role in our understanding of the subatomic world. The
discovery of anomalous magnetic moments is one early
example, where the hyperfine structure of hydrogen
(HHFS) was found to be too large for the standard
theory to be correct [1]. The Dirac equation [2]
i (∂µ − ieAµ (x)) γµψ (x) = meψ (x) , (1)
predicted a magnetic dipole moment (MDM) for the
electron
~µe = ge
(
Qe
2me
)
~s (2)
with the factor ge ≡ 2 (and e > 0). The increase
in the hydrogen hyperfine levels could be interpreted
as coming from an additional magnetic moment. Mo-
tivated by the HHFS dilemma, Schwinger [3] carried
out the first “loop” calculation, and predicted that
the electron had an additional (anomalous) magnetic
moment
ae =
α
2π
where ae =
(ge − 2)
2
. (3)
The subsequent precision spectroscopy measurements
of Kusch and Foley [4] obtained a measurement of ge
that was in good agreement with Schwinger’s predic-
tion.
In 1950, Purcell and Ramsey suggested that an elec-
tric dipole moment (EDM) would violate parity in-
variance P, and proposed to search for the neutron
electric dipole moment [5]. This was of course the cor-
rect New-Physics effect to look for, but in the wrong
place. Their initial experiment [6] achieved a limit of
|dn| < 5 × 10−20 e·cm, a null result which has been
pushed down to 2.9 × 10−26 e·cm during the subse-
quent fifty-some years. It was realized in 1957 [7, 8]
that an EDM would also violate time-reversal sym-
metry, T, and by implication CP. Presumably, new,
as yet undiscovered sources of CP violation are re-
sponsible for the matter-antimatter asymmetry in the
universe, and would partially explain why we are here.
Other important examples of precision measure-
ments are the search for charged lepton flavor vio-
lation (neutrino mixing having already been discov-
ered), precision Møller scattering, neutron beta decay,
rare or forbidden kaon decays, and the precision mea-
surements of the muon anomalous magnetic moment.
In this paper I focus on magnetic and electric dipole
moments, and on searches for charged lepton flavor
violation (CLFV) in the muon sector, which also may
go though a dipole interaction. Related papers at this
conference are those by Tom Browder on CP violation
and by Dave Hitlin, who discussed searches for CLFV
in the τ sector.
2. The Dipole Operators
As mentioned above, the Dirac equation is inade-
quate to describe the measured magnetic moment of
the electron. It is necessary to add a “Pauli” term
Qe
4me
aeFµν(x)σ
µνψ(x) (4)
which in modern language is a dimension 5 operator
that must arise from loops in a renormalizable theory.
New Physics (NP) can also contribute through loops,
with a(NP) = C(m/Λ)2 where C ≃ O(1), or ≃ O(α)
in weak coupling loop scenarios. In the same spirit,
one could add the following Pauli-like term
i
2
deFµν (x)σ
µνγ5ψ (x) (5)
which represents the electric dipole moment interac-
tion, where
~d = η
(
Qe
2mc
)
~s. (6)
and the quantity η plays the role for the EDM
that g plays for the MDM. One way to parameter-
ize the effects of NP on a and d is by d(NP ) =
a(NP )(e/2m) tanφNP [15].
The electromagnetic current is given by〈
f (p′)
∣∣Jemµ ∣∣ f (p)〉 = u¯f (p′) Γµuf (p) (7)
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where u¯f and uf are Dirac spinor fields and Γµ has
the general Lorentz structure
Γµ = F1
(
q2
)
γµ + iF2
(
q2
)
σµνq
ν − F3
(
q2
)
σµνq
νγ5
+FA
(
q2
) (
γµq
2 − 2mfqµ
)
γ5; (8)
with F1(0) = Qe the electric charge, F2(0) =
a(Qe/2m) the anomalous magnetic moment, and
F3 = dQ the electric dipole moment. I will ignore
the last term, the anapole moment.
The anomalous part of the dipole moment interac-
tion
u¯µ
[
QeF1(q
2)γβ +
iQe
2mµ
F2(q
2)σβδq
δ
]
uµ (9)
connects states of opposite helicity, i.e. it is chiral
changing, giving it a unique sensitivity to NP interac-
tions, e.g. the sensitivity to tanβ in supersymmetric
(SUSY) theories. In most SUSY models, the contri-
bution to aµ depends on the SUSY mass scale, the
sign of the µ parameter, and tanβ. A simple SUSY
model with equal masses [14, 15] gives the SUSY con-
tribution as:
≃ (sgnµ) 130× 10−11 tanβ
(
100 GeV
m˜
)2
(10)
2.1. Measurements of the Muon and
Electron Anomalies
The electron anomaly has been measured to a pre-
cision of 0.24 parts billion by storing a single electron
in a quantum cyclotron and measuring the quantum
cyclotron and spin levels in this system [9]. Were an
independent measurement of the fine-structure con-
stant α available at this precision, this impressively
precise measurement could provide a testing ground
for the validity of QED down to the five-loop level,
and present an opportunity to search for effects of
New Physics. At present the best independent mea-
surements of α have a precision of ∼ 5 ppb [10]. In
the absence of such an independent measurement, the
electron (g − 2) value has been used, along with the
QED theory (assumed to be valid), to give the most
precise value of α [9].
The muon anomaly, while only measured to an ac-
curacy of 0.54 parts per million (ppm) [11], neverthe-
less has an increased sensitivity to heavier physics that
scales as (mµ/me)
2 ≃ 43, 000. This means that at
a measurable level the Standard-Model contributions
to the muon anomaly come from QED; from virtual
hadrons in vacuum polarization or hadronic light-by-
light scattering loops; and from loops involving the
electroweak gauge bosons.
In principle the technique is similar to the measure-
ment of the electron anomaly, where muons are stored
in a “trap” consisting of a dipole magnetic field plus
an electrostatic quadrupole field. In the muon experi-
ment, an ensemble of muons is injected into a precision
storage ring. The observable is the spin precession
frequency relative to the momentum, which is the dif-
ference between the spin precession frequency and the
cyclotron frequency:
~ωa = ~ωS − ~ωC
= − Qe
m
[
aµ ~B −
(
aµ − 1
γ2 − 1
) ~β × ~E
c
]
.(11)
The second term in brackets represents the effect
of the motional magnetic field on the spin motion.
The experiment is operated at the “magic” value of
γmagic = 29.3 where this motional term vanishes,
which permits the use of an electric quadrupole field
to provide the vertical focusing.
The measured electron and muon anomalies are
ae = [115 965 218 073(28)]× 10−14 0.24 ppb (12)
aµ = [116 592 089(63)]× 10−11 0.54 ppm (13)
Interestingly enough, the muon anomaly seems to be
slightly larger than the Standard-Model value of [12]
aSMµ [e
+e−] = 116 591 834(49)]× 10−11 (14)
which uses e+e− annihilation into hadrons to de-
termine the hadronic contribution, and the value of
Prades et al., [13] for the hadronic light-by-light con-
tribution. There is a difference of ∼ 3.2 σ between
the two. If hadronic τ decays are used to determine
the lowest-order hadronic contribution (a determina-
tion that relies on significant isospin corrections) the
difference drops to ∼ 2σ [18].
Such a deviation could fit well with the expectations
of supersymmetry in the few-hundred GeV mass re-
gion, as shown in Eq. 10. Were SUSY particles to be
discovered at LHC, the muon anomaly would play an
important role in helping to discriminate between the
different possible scenarios, and providing a measure
of tanβ. For a thorough review of SUSY and (g − 2)
see the articles by Sto¨ckinger [16].
The precision of the E821 (g− 2) measurement was
limited by the statistical error of 0.46 ppm, compared
to the systematic error of 0.28 ppm. A new experi-
ment has been proposed for Fermilab, P989 [19] with
the goal of equal statistical and systematic errors, and
a total error of 0.14 ppm, a factor of four improvement
over E821.
Significant work on different aspects of the hadronic
contribution are in progress, both on the experimental
side to measure the hadronic electroproduction cross
sections better, and on theoretical efforts to improve
on the hadronic light-by-light contribution [20].
The supersymmetry community has chosen a num-
ber of possible scenarios that might be discovered at
LHC, the Snowmass points and slopes [17], which
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Figure 1: Measurements of the muon anomalous magnetic
moment. The theory value shown is taken from Ref. [12]
as described in the text.
serve as benchmarks for determining the sensitivity to
the SUSY parameters. Since aµ has significant sensi-
tivity to tanβ (see Eq. 10), it is possible to compare
the sensitivity to tanβ from LHC vs. from ∆aµ. Such
a comparison is shown in Fig. 2, which assumes that
the SPS1a point is realized, (typical mSUGRA point
with an intermediate value of tanβ). There is some
tension between the new value of ∆aµ and this model,
which predicts ∆aµ = 293×10−11, so the χ2 minimum
from LHC is at 10, the input from SPS1a, and the
present ∆aµ value implies a slightly lower value. The
lighter blue band shows the improvement that could
be gained in the new Fermilab experiment.
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Figure 2: Implications for a tan β determination assuming
the LHC were to discover the SPS1a SUSY scenario, and
the ∆aµ = (255 ± 80) × 10
−11 using the hadronic con-
tribution from e+e− collisions given in Ref. [12]. (Figure
courtesy of Domink Sto¨ckinger)
3. Electric Dipole Moments
Unlike the magnetic dipole moments, the Standard-
Model values of electric dipole moments are orders of
magnitude less than present experimental limits, both
of which are shown in Table I. The the experimental
observation of an EDM would unambiguously signify
the presence of new physics.
Table I Measured limits on electric dipole moments, and
their Standard Model values
Particle Present EDM Standard Model
Limit (e· cm) Value (e· cm)
n 2.9× 10−26 (90%CL) [21] ≃ 10−32
p 7.9 × 10−25 [22] ≃ 10−32
e− ∼ 1.6× 10−27 (90%CL) [23] 10−38
µ 1.8 < 10−19 (95%CL) [24] 10−35
199Hg 3.1× 10−29 (95%CL) [22]
For hadronic systems, the “theta” term in the QCD
Lagrangian
LeffQCD = LQCD + θ
g2QCD
32π2
F aµν F˜aµν a = 1, 2, . . . , 8
(15)
violates both parity and time-reversal symmetries,
where the physical quantity is the sum of θ and the
overall phase in the quark matrix, θ¯ = θ+arg(detM).
The non-observation of a neutron EDM restricts the
value of θ:
|dn| ≃ 3.6× 10−16θ¯ e · cm ⇒ θ¯ <∼ 10−10, (16)
which for a quantity that could be order one is anoma-
lously small, and is often referred to as the strong CP
problem. While supersymmetry, or other models of
New Physics can easily contain new sources of CP vi-
olation, the absence of any observation of an EDM,
with a significant fraction of the “natural” part of
the SUSY CP-violating parameter space already elim-
inated, is sometimes called the SUSY CP problem.
The isovector and isoscalar combinations of the
magnetic dipole moments are:
F
(I=1)
2N =
F2p − F2n
2
≃ 1.85 (17)
F
(I=0)
2N =
F2p + F2n
2
≃ −0.06 ; (18)
we conclude that the isovector dominates the anoma-
lous MDM. Both isoscalar and isovector EDMs are
predicted by various models [25], so measuring both
the proton and neutron EDMs would help disentangle
these two possibilities.
In the traditional EDM experiment, the system is
placed in a region of parallel (anti-parallel) electric
and magnetic fields. The Larmor frequency is mea-
sured, and then the electric field direction is flipped.
4 Proceedings of the DPF-2009 Conference, Detroit, MI, July 27-31, 2009
An EDM would cause the Larmor frequency to be
higher/lower depending on the direction of the elec-
tric field. The EDM is determined by the frequency
difference between these two configurations:
∆ν = ν↑↑ − ν↑↓ = 4dE
h
. (19)
A new result from the Seattle group places the limit
on the EDM of the mercury atom [22]:
d(199Hg) = (0.49± 1.29stat ± 0.76syst)× 10−29 e · cm
(20)
giving the limit above in Table I.
Searches are underway worldwide to find an EDM
of the electron [26] (Imperial College, Colorado, Har-
vard, Yale, Amherst, Penn State, Texas, Osaka and
Indiana), neutron [27] (ILL, PSI, Oak Ridge), the
atoms [28] 199Hg (Seattle) or 129Xe (Princeton), 225Ra
(Argonne, Groningen),
The limit on the muon EDM comes from E821 at
Brookhaven [24]. If an EDM exists, it is necessary to
modify the spin precession formula of Eq. 11 with an
extra term, ωη
~ωη = η
Qe
2m
[
~E
c
+ ~β × ~B
]
(21)
and the total spin precession frequency is ~ω = ~ωa+~ωη.
The motional electric field is proportional to ~β× ~B, so
the EDM results in an out-of-plane component of the
spin, where the (very small) tipping angle relative to
~ωa is δ = tan
−1 ωη/ωa = tan
−1(ηβ/2a). For spin 1/2,
η is related to the EDM, d, by the relationship
d =
(
eh¯
4mc
)
η (22)
In the (g−2) experiments, ωη ≪ ωa and the result-
ing motion is an up-down oscillation with frequency
ωa, out of phase with the (g − 2) oscillation. Such an
experiment is largely limited by systematic errors [24],
since the out-of-plane motion is masked by the large-
amplitude spin precession from the magnetic moment.
Nevertheless, the new Fermilab effort hopes to achieve
one to two orders of magnitude improvement in the
muon EDM as a by-product of the improved (g − 2)
measurement. Significant progress beyond that goal
would need to reduce the large background caused by
the ωa precession.
To achieve this reduction, the “frozen spin” tech-
nique has been proposed [29, 30]. Recall the point of
choosing the magic γ in Eq. 11 was to eliminate the
effect of the focusing electric field on the spin preces-
sion. If however, a storage ring were to be operated
at a different momentum, then a radial electric field
could be used to counter the the spin precession from
the magnetic moment (see Eq. 11, viz. it could be cho-
sen such that ωa = 0. The E-field required to freeze
the muon spin is
E =
aBcβγ2
1− aβ2γ2 ≃ aBcβγ
2. (23)
Possible parameters of such an experiment are E =
2 MV/m, pµ = 500 MeV/c, γ = 5, R0 = 7 m [29, 30],
although a much smaller ring has been suggested for
the Paul Scherrer Institut [31]. The frozen spin tech-
nique, along with a very high-flux facility could per-
mit a sensitivity of 10−24 e·cm or better for the muon
EDM, providing a unique opportunity to measure the
EDM of a second generation particle.
The error on such a measurement is given by [30]
ση =
√
2
γτ(e/m)βBA
√
N
, (24)
which implies that one needs NA2 ≃ 1016 for σdµ ≃
10−23 e· cm. The polarization enters directly into the
asymmetry A, thus the muon beam for the EDM ex-
periment must have high polarization.
E821
Q Factory
new (g-2)?
PSI ?
Proj. X/ 
JPARC
Figure 3: Present and projected limits on the muon EDM.
To progress beyond the projection for the new (g − 2)
experiment at Fermilab, dedicated storage rings will be
required, as described in the text. (Modified from a figure
courtesy of Thomas Schietinger)
In closing this section, one additional point needs to
be made. Should convincing evidence for any EDM be
found, it will be imperative that as many other EDMs
as possible be measured to help sort out the source of
this new CP violation.
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4. Transition Moments
One of the most important discoveries in the past
decade was the definitive evidence that neutrinos mix.
In the Standard Model, this implies that charged lep-
tons will also mix, and when one calculates the tran-
sition rate for µ+ → e+γ one finds:
Br(µ→ eγ) = 3α
32π
∣∣∣∣∣
∑
ℓ
V ∗µℓVeℓ
m2νℓ
M2W
∣∣∣∣∣
2
≤ 10−54 (25)
which is immeasurable under the most optimistic sce-
nario. Thus the observation of any process that vio-
lates lepton flavor would herald the discovery of new
physics.
Just as the diagonal matrix elements of the electro-
magnetic current were connected with the electric and
magnetic dipole moments, we have the off-diagonal
elements of the current[15] that give transition mo-
ments:〈
fj (p
′)
∣∣Jemµ ∣∣ fi (p)〉 = u¯j (p′) Γijµ ui (p) , (26)
where Γijµ is given by
Γijµ =
(
q2gµν − qµqν
)
γν
[
F ijE0
(
q2
)
+ γ5F
ij
M0
(
q2
)]
+iσµνq
ν
[
F ijM1
(
q2
)
+ γ5F
ij
E1
(
q2
)]
. (27)
The first term gives rise to chiral-conserving flavor-
changing amplitudes at q2 6= 0, e.g. K+ → π+e+e−,
µ+ → e+e+e−, and the second term gives rise to
chiral-changing, flavor-changing amplitudes, e.g. b→
sγ, µ→ eγ and τ → eγ.
Here I confine myself to the muon sector, where
possible reactions include:
µ+ → e+γ (28)
µ+ → e+e+e− (29)
µ−N → e−N (30)
µ+e− → µ−e+ (31)
There is a long experimental history of searches for
these reactions, going back to the search for µ→ eγ in
1947 by Hinks and Pontecorvo [32], who showed the
branching ratio was less than 10%. In the intervening
years, the limits for all these processes have been low-
ered to 10−10 − 10−12, as shown in Fig. 4. Ambitious
experiments planned or in preparation have goals of
10−18 or below.
A wide range of NP could produce such transitions.
One channel which permits the highest experimental
sensitivity is the muon to electron conversion reaction,
Eq. 30. If negative muons are stopped in matter, they
come to rest and get captured into atomic orbits in
the stopping material. They then cascade down to
the atomic 1s state. Ordinarily the µ− either decay
P+ e-ĺP -e+
B
ra
n
c
h
in
g
 R
a
ti
o
 L
im
it
10-1
10-3
10-5
10-7
10-9
10-11
10-13
1940   1950     1960     1970     1980    1990    2000
Figure 4: The history of searches for muon flavor violation.
in orbit, or are captured weakly on the atomic nucleus,
which is analogous to K capture of atomic electrons.
In the coherent conversion to an electron with no neu-
trinos, the signal is a mono-energetic electron with an
energy equal to the muon mass less the atomic bind-
ing energy of the muon in the ground state of the
muonic atom. While this process is forbidden in the
Standard Model, it is possible in a large number of
Standard-Model extensions, some of which are shown
diagrammatically in Fig. 5
The muon-electron conversion (MEC) is especially
interesting because of the broad range of physics which
it addresses. The interaction Lagrangian Lint is given
by [35]:
−4GF√
2
(mµARµ¯σ
µνPLeFµν +mµALµ¯σ
µνPReFµν+)
−GF√
2
∑
q=u,d,s
[(
gLS(q)e¯PRµ+ gRS(q)e¯PLµ
)
q¯q
]
−GF√
2
[(
gLV (q)e¯γ
µPRµ+ gRV (q)e¯γ
µPRµ
)
q¯γµq
]
+h.c. for each term (32)
where the three terms in the Lagrangian represent
dipole, scalar and vector interactions respectively. If
the dipole dominates, then muon-electron conversion
is suppressed by 2 − 4 × 10−3 relative to µ → eγ,
however, for the other operators, MEC is much more
sensitive. This is illustrated in Fig. 6, where the sensi-
tivity to different mass scales Λ is shown as a function
of the amount of the non-dipole contribution κ [36].
While µ→ eγ is much more sensitive if the dipole con-
tribution dominates, for non-dipole interactions, the
conversion experiment has an enormous mass reach,
well beyond what could be imagined at colliders. The
muon-electron conversion rate depends both on the
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Figure 5: Diagrams that might contribute to muon-
electron conversion. (Following W. Marciano)
operator, and on the nucleus [35]. If it becomes pos-
sible to measure MEC for a range of nuclei, the Z
dependence will help disentangle which operators are
responsible. Furthermore, the observation of several
CLFV processes will help further, perhaps along with
the electric and magnetic dipole moment information.
At present there is one running experiment in the
muon sector, the MEG experiment at the Paul Scher-
rer Institut, which aims for a sensitivity of Rµeγ ∼
1 × 10−13 for the process µ+ → e+γ. Of course, ex-
perimentally, this channel is quite challenging. The
two-body final state uniquely determines the kinemat-
ics, so at rest the photon and electron are back-to-
back, sharing the muon mass energy. However, pho-
tons in the 50 MeV energy region are difficult to de-
tect with good position and directional information
on the photon. A preliminary result from MEG re-
ported a 3 × 10−11 90% confidence level limit [33],
which is not yet competitive with the present limit of
1.2× 10−11 [34].
The muon-electron conversion experiment is rather
special, since the signal of a single mono-energetic
electron is unique, and in principle resolved from
background. The two proposals to study this pro-
cess, Mu2e at Fermilab which advertises a first phase
10-2 10-1 1 101 102
103
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L
Excluded HΜ®eΓL
Excluded HΜN®eN on AuL
BHΜ®eΓL>10-13
BHΜ®eΓL>10-14
BHΜN®eN on AlL>10-16
BHΜN®eN on AlL>10-18
Figure 6: The mass reach of the CLFV reactions as a
function of the strength of the non-dipole terms. The
green curves show the sensitivity of the Mu2e experiment
a Fermilab, the solid being for the phase using the present
booster accelerator, and the dashed being for the “Project
X” era. (Figure courtesy of Andrew Norman)
90% CL limit Rµe < 6 × 10−17, and COMET at
J-PARC which proposes to reach a sensitivity of <
10−16 for its first phase. The sensitivity of the sec-
ond phase of these experiments is projected to be
∼ 10−18 The Mu2e experiment at Fermilab has stage-
one approval, and significant engineering work is on-
going. The COMET experiment at J-PARC is still
under review by the J-PARC Laboratory. See the re-
views [37, 38, 39], and references therein, for a detailed
discussion of charged lepton flavor violation experi-
ments and their physics reach, as well as for additional
details on COMET.
5. Conclusions
I have described a set of experiments from the pre-
cision/intensity frontier which have the potential im-
pact equal to the discoveries we hope for, and expect
to find at the LHC. The discovery of a permanent elec-
tric dipole moment would herald, at long last, a new
source of CP violation that might explain the matter-
antimatter asymmetry of the universe, and partially
explain why we are here. The discovery of charged lep-
ton flavor violation would also herald New Physics at
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work in the lepton sector. A confirmation of the muon
(g − 2) discrepancy would also signify new physics at
the loop level. All of these experiments will help guide
our interpretation of the new phenomena which we
hope to discover at LHC. Perhaps the most impor-
tant message from this talk is that many different ad-
ditional experimental results will be necessary to help
guide our interpretation of the discoveries made at the
LHC. It is crucial for the future health of the field that
a diverse program, exploring both the precision and
energy frontiers, be strongly supported.
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